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In this issue of Chemistry & Biology, Thierbach and colleagues establish the chemical mechanism for a
cofactor-independent dioxygenase enzyme, a member of a small group of enzymes that can activate dioxy-
gen without requiring a metal ion or redox cofactor.The activation of dioxygen by oxygenase
enzymes is one of the more remarkable
reactions in biology, because it has very
little chemical precedent; the ability to
activate a specific C-H bond by a cyto-
chrome P450 enzyme or break an aro-
matic ring by a catechol dioxygenase
are reactions that are almost impossible
in the chemistry laboratory (Bugg, 2003).
These enzymes are able to harness the
powerful oxidizing capability of dioxygen,
the strongest oxidant available in biology,
but, in order to do that, they have to
activate dioxygen. Because the ground
state of gaseous dioxygen is a triplet dir-
adical that is spin forbidden to react via
common two-electron reaction mecha-
nisms, it is a relatively inert substance
and requires special mechanisms for its
activation. Hence, oxygenases usually
contain a redox-active metal ion that can
transfer a single electron to dioxygen,
such as iron (II) or copper (I). Even then,
dioxygen activation is not straightforward,
because the redox potential for reduction
of dioxygen to superoxide is unfavorable,
so these enzymes must somehow stabi-
lize the resulting substrate complex. Other
oxygenases use an organic cofactor that
is able to carry out a 1-electron transfer
to dioxygen; thus, the flavin-dependent
mono-oxygenases use a reduced flavin
cofactor to reactwithdioxygen, accessing
a stable flavin semiquinone intermediate
(Bugg, 2003).
Strangest of all are a small group of
oxygenase enzymes that contain no
cofactor: neither metal ion nor organic
redox cofactor (several examples are
illustrated in Figure 1). 1H-3-hydroxy-4-
oxoquinaldine 2,4-dioxygenase (HOD)
from Arthrobacter sp. Rue61a is involved
in degradation of quinaldine and cata-
lyzes an unusual oxidative cleavage reac-
tion, breaking two C-C bonds and gener-
ating carbon monoxide (Bauer et al.,168 Chemistry & Biology 21, February 20, 2011996). 3,5-dihydroxyphenylacetyl CoA
1,2-dioxygenase is involved in the biosyn-
thesis of vancomycin in Amycolatopsis
orientalis (Tseng et al., 2004). SnoaW/
SnoL2 catalyzes a hydroxylation reaction
involved in nogalamycin biosynthesis (Sii-
tonen et al., 2012), and SnoaB, on the
same pathway, catalyzes a cofactor-inde-
pendent oxidation of a hydroquinone to a
quinone (Grocholski et al., 2010). These
enzymes appear at first sight to break all
the rules of dioxygen activation. Hence,
the mechanism by which these enzymes
are able to activate dioxygen is of funda-
mental mechanistic interest.
In this issue of Chemistry & Biology,
Thierbach et al. (2014) examine the cata-
lytic mechanism of HOD from Arthro-
bacter sp. Rue61a. They have previously
shown that this enzyme is a member of
the a/b-hydrolase superfamily, containing
a Ser-His-Asp catalytic triad (Steiner
et al., 2010), and have shown that cata-
lytic His-251 functions as a base to de-
protonate the 3-hydroxyl group of the
substrate (Frericks-Deeken et al., 2004).
They proposed that the substrate anion
catalyzes a single electron transfer to
dioxygen to generate a stable substrate
radical and superoxide, which could
then recombine to form a hydroperoxide
intermediate shown in Figure 1, but these
intermediates had not been observed. In
this paper, they provide clear evidence
for a substrate radical intermediate, using
a hydroxylamine spin trap CMH, which
forms a stable CM-nitroxide radical that
can be detected by electron paramag-
netic resonance spectroscopy. Formation
of the CM-nitroxide radical was observed
using wild-type enzyme, but was formed
much more rapidly using a W160A site-
directed mutant enzyme, which is likely
to be more accessible to the spin trap or
perhaps to leak some reactive intermedi-
ate species from the active site. The4 ª2014 Elsevier Ltd All rights reservedW160A mutant enzyme also releases the
proposed hydroperoxide intermediate,
which was reduced to the corresponding
alcohol and characterized by NMR spec-
troscopy. These data provide evidence
for two key intermediates in the catalytic
mechanism: a substrate radical and a
substrate hydroperoxide.
One common feature of these exam-
ples is the ability to form a stable sub-
strate radical, which would be formed
upon electron transfer to dioxygen. In
each of the examples shown in Figure 1,
a relatively stable radical, stabilized by
delocalization onto a nearby aromatic
ring system, could be formed, which
could then react with superoxide. In
evolutionary terms, it is possible that
such reactions evolved as reactions that
could protect against reactive oxygen
species in a similar way to antioxidants,
such as ascorbate, glutathione, and
carotenoids in plants. Another common
feature is base catalysis to generate a
formal carbanion to undergo single elec-
tron transfer to dioxygen.
In the case of HOD, why should such
a reaction occur in an enzyme from the
a/b-hydrolase superfamily, whose mem-
bers normally catalyze hydrolysis reac-
tions? Surprisingly, members of the
a/b-hydrolase family have been shown
to catalyze reactions involving diatomic
species such as hydrogen peroxide,
hydrogen cyanide, and hydroxylamine
(Bugg, 2004; Li et al., 2008), so some
members of this superfamily can accom-
modate and activate diatomic substrates.
These authors have shown previously that
His-251 acts as a base to generate a sub-
strate anion, which undergoes electron
transfer (Frericks-Deeken et al., 2004),
and structural studies on HOD indicate
that the oxyanion hole of this enzyme
may stabilize the hydroperoxide anion
formed upon reaction with dioxygen
Figure 1. Reactions Catalyzed by Cofactor-Independent Dioxygenase Enzymes, Showing
Hydroperoxide Reaction Intermediates
Other examples are mentioned in Bugg (2003) and Thierbach et al. (2014). Oxygen atoms derived from
dioxygen are marked in bold.
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active site Ser-101 is not essential for
catalysis in HOD, but is positioned close
to the C-4 carbonyl group of the sub-
strate and may assist in the final pericy-
clic reaction of this enzyme. The adjacent
residue His-100 is also positioned close
to the putative dioxygen binding site
(Steiner et al., 2010), and a number
of perhydrolase a/b-hydrolase enzymes
with reactivity toward hydrogen peroxidealso contain His adjacent to the catalytic
Ser, where the imidazole side chain might
have a role in binding the distal oxygen of
the diatomic ligand (Li et al., 2008).
Hence, there may be features of this pro-
tein fold that assist in this unusual
enzyme-catalyzed reaction, even though
structural studies on other enzymes
shown in Figure 1 have shown that en-
zymes in this group are from different
protein folds.Chemistry & Biology 21, February 20, 2014In these examples, nature has exploited
the structure and inherent reactivity of the
substrate toward oxygen in the catalysis
of unusual reactions. The oxidizing power
of dioxygen, once activated, helps to
drive these reactions, but the respective
enzymes must first dioxygen activation
and then guide the reactive intermediates
along one of several possible reaction
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